Using nondenaturing mass spectrometry to detect
fortuitous ligands in orphan nuclear receptors
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Abstract

Nondenaturing electrospray mass spectrometry (ESI-MS) has been used to reveal the presence of potential
ligands in the ligand-binding domain (LBD) of orphan nuclear receptors. This new approach, based on
supramolecular mass spectrometry, allowed the detection and identification of fortuitous ligands for the
retinoic acid-related orphan receptor 3 (ROR[3) and the ultraspiracle protein (USP). These fortuitous ligands
were specifically captured from the host cell with the proper stoichiometry. After organic extraction, these
molecules have been characterized by classic analytical methods and identified as stearic acid for ROR[3 and
a phosphatidylethanolamine (PE) for USP, as confirmed by crystallography. These molecules act as “fillers”
and may not be the physiological ligands, but they prove to be essential to stabilize the active conformation
of the LBD, enabling its crystallization. The resulting crystal structures provide a detailed picture of the
ligand-binding pocket, allowing the design of highly specific synthetic ligands that can be used to charac-
terize the function of orphan nuclear receptors. An additional advantage of this new method is that it is not
based on a functional test and that it can detect low-affinity ligands.
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Nuclear receptors (NRs) are ligand-inducible transcription
regulators involved in many important physiological pro-
cesses such as development, reproduction, cell growth and
differentiation, apoptosis, and key metabolic pathways.
Classic NRs, which comprise a DNA-binding domain
(DBD) and a ligand-binding domain (LBD), activate the
transcription of target genes in response to the binding of
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small lipophilic molecules such as steroid and thyroid hor-
mones, vitamin D, and retinoids to their LBD. Crystallo-
graphic studies of NR DBDs and LBDs have strongly
helped to understand their mechanism of action (Renaud
and Moras 2000). In addition, the past 10 years have wit-
nessed a burst in the cloning of new members of this su-
perfamily using various strategies. However, because the
natural ligands and the physiological function of these pu-
tative receptors were unknown at the start, these new mem-
bers of the superfamily were called orphan NRs (Giguere
1999). In some cases, physiological ligands have been
found (Forman et al. 1997; Kliewer et al. 1997, 1999; Krey
et al. 1997). In addition, high-affinity synthetic agonists and
antagonists can be rationally designed on the basis of the
three-dimensional structure of the receptor LBD, even if the
physiological ligands are unknown.
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Up to now the only method that leads to the structure
determination of a nuclear receptor LBD is crystallography,
which requires getting crystals, usually in the presence of a
ligand to stabilize the active conformation. Recent studies
have demonstrated that it was possible in some cases to
crystallize a NR LBD taking advantage of the presence of a
fortuitous ligand captured by the heterologously produced
LBD from the expression host (Bourguet et al. 2000; Billas
et al. 2001; Stehlin et al. 2001). This is particularly conve-
nient when no ligand is known for a given receptor. Indeed,
most orphan receptors are known only through their amino
acid sequence and finding their physiological ligands and
functions is very challenging.

With the introduction of electrospray ionization mass
spectrometry (ESI-MS: Kebarle 2000), a new technique has
emerged to study the biomolecular noncovalent interactions
(Ganem et al. 1991; Katta and Chait 1991) allying sensitiv-
ity with high resolution detection. Since the initial reports,
ESI-MS has had a great impact on the field of molecular
biology and its ability to characterize increasingly heavy or
fragile noncovalent complexes has been widely illustrated
(Przybylski and Glocker 1996; Loo 1997; Jorgensen et al.
1998; Pramanik et al. 1998; Last and Robinson 1999; Tito
et al. 2001). Indeed, even if the complex is transferred to a
solvent-free environment, electrospray ionization allows the
transfer of intact weakly associated noncovalent complexes
in the gas phase, suggesting that at least some elements of
the conformation in solution survive the electrospray ion-
ization process, allowing the characterization of many non-
covalent complexes in terms of existence, stoichiometry,
and specificity (McLafferty et al. 1998; Loo 2000). Recent
studies also report that ESI-MS can be used to determine the
relative binding affinities in solution (Loo et al. 1997; Ayed
et al. 1998) or to probe cooperativity in the binding of a
ligand to an enzyme (Rogniaux et al. 2001). In the field of
nuclear receptors, supramolecular mass spectrometry is still
not a widely spread technique. For instance, it was success-
fully used to characterize the oligomeric state of the estro-
gen receptor LBD (Witkowska et al. 1996) or the influence
of several ligands or metal ions on the stability of protein—
protein or protein—-DNA complexes, as in the case of the
human vitamin D receptor (Veenstra et al., 1998), the reti-
noid X receptor (Craig et al. 1999, 2001), and the gluco-
corticoid receptor (Low et al. 2002).

In this paper, we report an ESI-MS study of the LBD of
two orphan receptors, ultraspiracle protein (USP) and reti-
noic acid-related orphan receptor 3 (ROR), for which the
crystal structure was published recently (Billas et al. 2001;
Stehlin et al. 2001). ROR is a mammalian orphan receptor
expressed exclusively in areas of the central nervous sys-
tem, which seems to be involved in the processing of sen-
sory information, but its physiological function and its cog-
nate ligand still have to be determined. On the other hand,
the USP is the insect ortholog of the vertebrate retinoid X
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receptor (RXR). It plays a crucial role as the heterodimer-
ization partner of the ecdysone receptor (EcR) by stimulat-
ing the binding of ecdysteroids to EcR. It is not known how
USP mediates its action on its partner receptor, whether it is
ligand induced, and which are the physiologically relevant
ligands of USP. For both receptors, ESI-MS has been used
to control the homogeneity of the protein before crystalli-
zation in terms of sequence integrity and interactions with
small molecules present in the expression system/purifica-
tion environment. In both cases, nondenaturing ESI-MS re-
vealed that unexpected small organic molecules were copu-
rified with the proteins, whereas other analytical techniques
[Fast Atom Bombardment (FAB) and thin layer chromatog-
raphy (TLC) in the case of USP, gas chromatography-mass
spectrometry (GC-MS) in the case of RORB] have then
been used to identify these molecules. The presence of an
unexpected ligand in the binding pocket was then confirmed
in both cases by the examination of the electron density map
obtained from the x-ray diffraction data (Billas et al. 2001;
Stehlin et al. 2001). Because crystallization of macromol-
ecules requires, in particular, the chemical homogeneity of
the sample, the characterization of fortuitous ligands and the
estimation of their relative abundance by mass spectrometry
will be an important tool for the study of orphan receptors
in general.

Results

Detection of fortuitous ligands bound to the orphan
receptors RORB and USP by ESI-MS

Because ESI-MS is a method of choice for the study of
noncovalent protein—ligand complexes, it seemed appropri-
ate to look for ligands in the Escherichia coli-produced
LBDs of the orphan receptors ROR{ and USP. Such fortu-
itous ligands may have been captured by the protein either
during its heterologous production or during its purification.

Figure 1A displays the electro-spray ionization (ESI)
mass spectrum obtained for RORP under nondenaturing
conditions (20 mM AcONH, at pH 6.5). Surprisingly, two
series (A and B) of mass/charge (m/z) peaks corresponding
to multiply charged ions (12 to 14 protonations) are ob-
served. From series A, a molecular mass of 34,430 =3 Da
is measured in good agreement with the expected mass of
the RORPB monomer (34,425.3 Da). The molecular mass
calculated from series B (34,716 =4 Da) is 286 Daltons
larger than the mass measured from peak series A. The
measurement performed under denaturing conditions (1%
formic acid in 1:1 water/acetonitrile) reveals that this mass
increment is due to noncovalent binding, as it is not present
anymore when the protein is not properly folded. A single
species is then observed corresponding to the ROR[3 mono-
mer alone (Fig. 1C). Unlike classic protein characterization
techniques (gel electrophoresis, chromatography), nondena-
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Figure 1. Detection of a fortuitous ligand in RORB by non denaturing ESI-MS. ESI mass spectrum of ROR in 25 mM NH,OAc at
pH6.5atV, =20V (A) and V. = 50 V (B). Two series A and B of multiply-charged ions (12 to 14 protonations) are detected. The
mass difference (AM) between the mass measurements shows the presence of an unexpected bound molecule of ~286 Da. Increasing
the accelerating cone voltage from 20 V to 50 V resulted in more energetic collisions with residual gaseous molecules in the interface
of the mass spectrometer, which led to the dissociation of the complex. Analysis of this preparation under denaturing conditions (50%
CH;CN, 1% HCOOH) shows that ROR is pure and homogenous and thus that the extra mass of 286 Da is due to a noncovalent
attachment of a small organic molecule to the protein (C). apoROR (oval); fortuitous ligand (diamond).
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turing ESI-MS shows that ~40% of the RORf protein was
noncovalently bound to one or several ligands of 286 Da.

In the case of USP, ESI-MS analysis performed under
denaturing conditions (Fig. 2A) shows that the protein is pure,
intact, and homogenous (measured mass = 30,195.8 +0.8
Da; expected mass = 30,197.4 Da). By using nondenatur-
ing conditions (i.e., in 50 mM AcONH, at pH 7), two series
of m/z peaks are again observed (Fig. 2B). The minor one
(~10%) correspond to the expected USP monomer (MM =
30,196 + 1 Da). The major one (90%) revealed the pres-
ence of a protein displaying a molecular mass larger by
~745 Da than the mass of the USP apoprotein. In a way
similar to the observation made for ROR[3, this mass incre-
ment is not detected when the protein is not properly struc-
tured and thus reflects a noncovalent binding of one or
several molecules to the protein. An enlarged view of one
single charged state (e.g., the most abundant one, 12%) re-
veals a heterogeneous mass distribution strongly suggesting
that several ligands displaying mass differences of 26-28
Da bind to USP.

Under nondenaturing conditions, a narrow distribution of
low charge states is observed while denaturing conditions
yield a broad distribution. A low amount of charging as well
as a small number of charge states are often explained by
the conservation to some extent of the protein structure
during the transfer of the ions into the gas phase. The re-
striction of charging may be due to fewer exposed basic
sites or more severe coulombic restraints in the protein
suggesting a still compact protein structure in the gas phase.
In fact, several studies have demonstrated that ESI-MS
can be used to follow protein conformational changes by
looking at the charge state distribution (Witkowska et al.
1996; Dobo and Kaltashov 2001). In the case of USP where
several ligands are bound to the receptor, the observation
of one main charged state distribution suggests that the
various ligands have not induced any significant structural
heterogeneity.

Detection of noncovalent protein-ligand complexes re-
quires working under conditions where the internal energy
of the ions does not lead to the dissociation of the complex
(Rostom and Robinson 1999; Tahallah et al. 2001). Experi-
mentally, this is achieved by reducing the declustering volt-
age (V,), which controls the kinetic energy of the generated
ions through gas phase collisions in the atmospheric pres-
sure/vacuum interface. It is a critical parameter for the ob-
servation of noncovalent complexes and has to be adjusted
in each case such as to find the best compromise for re-
moving solvent molecules without disrupting the macromo-
lecular complex. A declustering voltage of 20 V was nec-
essary to preserve the noncovalent RORB-ligand complex
in the gas phase. The resulting mass precision of +4 Da is
then not high enough to assign an exact molecular mass for
the ROR ligand. It is, however, sufficient to assign a bind-
ing stoichiometry of 1:1 ratio between RORJ and the li-
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gand, assuming that a ligand displaying a molecular mass
smaller than 150 Da is not likely. Below V., = 20 V, the
ratio between the ligand-bound and ligand-free protein stays
unchanged (data not shown). This strongly suggests that the
energy communicated to the ions in the atmospheric pres-
sure/vacuum interface is minimized enough to preserve the
noncovalent complex and that the observed free apoprotein
was present in solution and not resulting from gas phase
dissociation. On the other hand, increasing the declustering
voltage to V., = 50 Volts leads to the complete dissociation
of the ligand from the protein and to the detection of a single
species corresponding to the ligand-free RORB (Fig. 1B).
The observation that the gas phase generated loss of 286 Da
occurred in one step, suggests again that a single molecule
of 286 Da was bound to the receptor.

In contrast to ROR, the USP ligands appear to be quite
resistant to gas phase collision. Indeed, until V, = 100 V,
the complex is still the major species. A voltage of 150 V is
necessary to completely dissociate the USP-ligand com-
plexes, as shown in Figure 2C. In this case, the gas phase-
generated peaks are symmetrical and narrow as compared to
the peaks of the charged state distribution recorded at lower
voltage, confirming that the origin of the asymmetry and
broadness of the peaks is caused by the ligands bound to the
protein. Differences between the declustering voltages re-
sponsible for gas phase dissociation of the two protein—
ligand complexes cannot be directly related to solution af-
finities (Li et al. 1994; Wu et al. 1997; Potier et al. 1998).
In fact, a relationship between the V. values and the con-
tribution of electrostatic interactions involved in noncova-
lent complexes seems to emerge: The lower the electrostatic
contribution to complex formation, the lower the V, value
has to be settled to keep the noncovalent complex intact
until the detector (Robinson et al. 1996; Loo 1997; Rog-
niaux et al. 1999; see also discussion).

Characterization of the molecules noncovalently bound
to RORPB and USP

The characterization of the ligand from the knowledge of its
molecular mass can only be achieved if it is measured pre-
cisely. As stated above in the case of RORf, the exact
molecular mass of the ligand obtained from measurements
under native conditions cannot be determined as accurately
as required. Attempts to determine the measurements from
denaturing ESI-MS technique by looking at the low portion
of the spectra (m/z = 100-800) were equally unsuccessful,
both in the positive and negative ionization modes. There-
fore, extraction of the RORB LBD ligand was carried out
with dichloromethane under acidic conditions. The organic
fraction was then analyzed by GC-MS and the obtained
spectrum is displayed in Figure 3. By giving as input the
masses measured from this spectrum into an internal GC-
MS library (Micromass), the ligand was identified as stearic
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Figure 2. Detection of a fortuitous ligand in USP by nondenaturing ESI-MS. Comparison of the masses obtained by ESI-MS under
denaturing conditions (50% CH;CN, 1% HCOOH; A) and nondenaturing conditions (50 mM AcONH, at pH 6.5; B) reveals nonco-
valent binding of one or several molecules with an average molecular weight of X = 745 Da. A zoom at the 12" charge state shows
that this noncovalent binding is heterogeneous and that several molecules are actually bound to USP with molecular masses of ~690,
718, 745, and 771 Da. Increasing the kinetic energy of the ions from V_, = 80V to V, = 150V (C) led to the dissociation of the
molecules initially bound to USP, resulting in a single ion series corresponding to USP apoprotein.

www.proteinscience.org 729



Potier et al.

A o, 600
73.0

w | 83.0

.0 129.0

L

EI spectrum of ROR organic extract

185.0
T

AL AR LA LUAL BAAL BAEM RAb MR LA LU A LU A AN Ll Eliad LA BN Gl R R LI

97
" ‘}lew BT RSONTLITH e
73

B 1007 60 L
Reference spectrum of octadecanoic acid
(0]
I
OH
% B
129 284
83
97
I ‘ 185 241
0 T by i | f‘l l|'h1| T l}”!l T ! ‘! T Il1 T I!I T T T T T T T || T lll |‘| T lll T %ll T T T T ‘i T T lm/Z
50 100 150 200 250 300

Figure 3. Identification of the ligand of RORB by GC-MS after organic extraction. Electron ionization (EI) spectra of the organic
fraction of the RORf preparation (A) and EI reference spectrum of the octadecanoic acid (B). The arrows show the fragmentation along
the hydrocarbon backbone as occurring in the mass spectrometer source.

acid. It displays a molecular ion M* at m/z = 284 and char-
acteristic fragment ions at m/z = 241, 185, 129, 73, and 60
as shown in Figure 3.

As suggested by these ESI-MS results, an obvious way to
get a fully liganded protein sample is to add stearic acid
throughout the purification process. In this case, nondena-
turing ESI-MS indicates that RORB has quantitatively
bound one stearic acid molecule (data not shown). This
result shows that ESI-MS technique can be fully integrated
in a strategy aiming at obtaining a homogeneous fully li-
ganded protein as a prerequisite for crystallization, even if
the identified fortuitous ligand is not the physiological one.

In the case of USP, ESI-MS analysis was also carried out
under denaturing conditions both in positive and negative
ionization modes. Mass peaks corresponding to the free
ligands were only observed in the negative mode at m/z
corresponding to 690, 716, and 745, suggesting an acidic
character for the ligands. Exact mass measurement of the
ligands has been obtained using fast atom bombardment
(FAB) mass spectrometry under high resolution conditions
(Table 1). Tons of PEG 2000 at m/z = 696.4382 and
m/z = 740.4644 were used as internal calibrant. Assuming
that the ligands are composed of the most common bio-
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chemical elements (C, N, O, S, P, H), a crude formula can
be proposed (C;,H;N,04P, + C,H,). Taken together, the
results obtained from FAB and native ESI-MS measure-
ments strongly suggest phosphatidyl lipid molecules to be
the ligands bound to USP. This is in agreement with the
crystallographic data showing residual electron density in
the ligand-binding pocket of the receptor.

To better characterize the ligands, the organic fraction of the
purified USP preparation was extracted using 2:1 chloroform/
methanol and deposited on a thin layer chromatography (TLC)
plate. A unique spot displaying a retention time corresponding
to phosphatidylethanolamine (PE) was observed. Methanolyse
of this PE molecule and analysis by gas chromatography show
a fatty acid composition of C16:0 (26%), C16:1:9 (21%), C18:
1:11 (46%), and traces of C14:0 and C18:3 that can explain the
mass differences of 26-28 Da observed by mass spectrometry.
The presence of PE in USP is consistent with the available
phospholipids found in E. coli, of which 70% are PE, 18%
phosphatidylglycerol, and 12% cardiolipin molecules (Voet
and Voet 1995). The analysis of the phosphatidyl lipid content
of an E. coli culture performed using TLC plates shows the
presence of PE and cardiolipin in the soluble fraction. How-
ever, USP seems to bind selective PE molecules.
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Table 1. Experimental molecular masses of USP ligands
measured by FAB-MS

Experimental Crude
molecular masses formula
688.4918 C;7H;,N,O4P,
690.5071 C37H73N,OgP,
716.5237 C30H75N,04P,
718.5391 C30H;7N,OgP,
744.5556 C,4H;oN,O4P,
Discussion

An important question concerning the function of orphan
nuclear receptors is whether or not their activity is mediated
through ligand binding. Some orphan receptors have been
reported to constitutively activate transcription, such as con-
stitutive androstonol receptors (CARs), estrogen-related re-
ceptors (ERRs), and RORs, but this constitutive activity
may in fact be only apparent. On one hand, the crystal
structure of the RORB LBD (Stehlin et al. 2001) revealed
that a fortuitous fatty acid ligand from the E. coli expression
host, identified as stearic acid in the present study, stabilizes
the active LBD conformation in vitro, suggesting that the in
vivo constitutive transcriptional activity of the receptor is
only apparent and results from the binding of an endog-
enous ligand, as confirmed by the loss of activity in site-
directed mutants that fill up the ligand-binding pocket. On
the other hand, the crystal structure of the ERR3 LBD along
with functional data on mutants demonstrated that the tran-
scriptional activity of this receptor is really ligand indepen-
dent, the active conformation being observed in the absence
of any ligand (Greschik et al. 2002).

In our experience, we usually observe that orphan nuclear
receptor LBDs are difficult to crystallize in the absence of
an added high-affinity ligand, because the ligation state and
the conformational state of the heterologously produced
LBD cannot be controlled. If a fortuitous ligand is present
but the binding is not quantitative, the resulting chemical
and conformational heterogeneity will hamper crystalliza-
tion of the LBD. The work described here shows how the
complete characterization of the E. coli-produced LBDs by
mass spectrometry is an important helpful step to solve this
problem. In particular, we demonstrated for two orphan re-
ceptors (ROR and USP) that noncovalent binding of small
organic molecules occurs during expression or purification.
In the case of RORB and USP, nondenaturing ESI-MS al-
lowed detection of the binding of these molecules and to
characterize them as being a stearic acid and a PE mol-
ecules, respectively. Bourguet et al. (2000) already showed
that unexpected binding of oleic acid occurred in a mutant
RXR LBD. Mass spectrometry was also used to characterize
docosahexaenoic acid, a potential ligand that has been
shown to activate RXR in cell-based assays (de Urquiza et

al. 2000) or to characterize the homogeneity of cellular
retinol-binding protein (CRBP) apo-preparations expressed
in different media in view of the possible binding of fatty
acids (Elviri et al. 2001). Supramolecular mass spectrom-
etry was also essential to demonstrate the presence of a new
endogenous ligand in the AI-2 sensor protein LuxP, raising
the potential biological role for boron in bacterial quorum
sensing (Chen et al. 2002). The identification of such for-
tuitous ligands may not give direct clues on the nature of the
true physiological ligands, as for instance in the case of
RORP where stearic acid does not activate the receptor.
However, its presence stabilizes the LBD, which can then
be crystallized (Stehlin et al. 2001). In turn, the knowledge
of the three-dimensional structure of the ligand-binding
pocket is a good starting point for the design of high-affinity
ligands. These ligands can then be used in the functional
characterization of the orphan receptor.

Detection of small organic fortuitous ligands that do not
display any spectroscopic property might be very challeng-
ing. ESI-MS is a method of choice for the study of nonco-
valent protein—ligand complexes in terms of existence and
stoichiometry. However, this technique is not yet routine
and seems to be dependent on the nature of the interactions
involved in the stability of the complex (Rogniaux et al.
1999). As pointed out by several investigators, the relative
abundance of some complexes may be dramatically affected
by the desorption process, as electrostatic forces are
strengthened in a solvent-free environment, whereas com-
plexes whose formation in solution is mainly driven by the
hydrophobic effect (entropic effect arising from the exclu-
sion of water molecules upon complex formation) appear to
be weakened in the gas phase (Li et al., 1993, 1994). In the
case of NRs, the complexes are sufficiently stable to be
detected by mass spectrometry, which can be explained by
the location of the ligand-binding site deep inside the LBD.

In conclusion, based on the examples of RORf3 and USP,
we have shown that mass spectrometry will be an essential
tool for the full characterization of the heterologously pro-
duced orphan nuclear receptor LBDs. In both cases, ESI-
MS was shown to be the only technique able to detect the
presence of a fortuitous ligand bound to the LBD. As the
number and diversity of both clone products and host ex-
pression systems increase each day, it becomes more and
more important to have in hand a technique that enables the
rapid and detailed characterization of the material derived
from gene expression before performing biochemical or
structural studies.

Materials and methods

Protein expression and purification

The rat RORB LBD (residues 201-459) was overproduced as an
amino-terminal Hisg-tagged fusion protein in E. coli and grossly
purified by affinity chromatography on a Co®* chelating column.
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The Heliothis virescens USP LBD (residues 205-466) was over-
produced as an amino-terminal Hisg-tagged fusion protein in E.
coli BL21(DE3) strain. The purification procedure included an
affinity chromatography step on a Co®* chelating column followed
by a gel filtration on a Superdex 200 16/60 column.

RORP ligand extraction and analysis

The RORB LBD purified fraction (3 mL at 4 mg/mL) was acidi-
fied by addition of 6 drops of 1 M HCI and the ligand was ex-
tracted with 4 mL of dichloromethane. The organic fraction was
concentrated by SpeedVac and injected into a gas chromatography
column for GC-MS analysis (see below).

USP ligand extraction and analysis

USP ligand extraction was performed by addition of 20 volumes of
2:1 chloroform/methanol to 300 L of 11 mg/mL USP LBD pu-
rified fraction. After 20 min, the organic fraction was extracted,
dried under nitrogen, and deposited on a TLC plate precoated with
Silicagel (LKS5, 150 A, 20 by 20 cm, Whatman). Elution was
carried out with chloroform/ethanol/water/triethylamine (30/35/7/
28). After drying, the plates were stained with primulin for visu-
alization of phosphatidyl lipids.

Fatty acid composition of the PE

Transesterification of the PE isolated on TLC plate was performed
with 1 mL of trifluoroborane in methanol at 100°C during 15 min.
After addition of 1 mL of water and 2 mL of pentane, the organic
phase was extracted and dried under nitrogen. The free methylated
fatty acids were then solubilized in 50 pL of hexane and injected
into a gas chromatography column (Carbowax, 30 m by 0.25 mm,
Altech).

Electrospray mass spectrometry

All studies were performed using an electrospray time-of-flight
mass spectrometry (ESI-TOF) mass spectrometer (LCT, Micro-
mass, Manchester). RORP and USP samples were first desalted by
five dilution—concentration steps using centricon-10 concentrators
(Amicon) against 20 mM and 100 mM NH,OAc at pH 6.5, re-
spectively, diluted at a final concentration of 10~> M and continu-
ously infused into the ion source at a flow rate of 4 wL/min using
a Harvard Model 11 syringe pump (Harvard Apparatus). To pre-
serve the noncovalent complexes, relatively mild interface condi-
tions were used, especially the declustering voltage (V.), which
controls the kinetic energy of the ions in the interface, was set to 20
V. Data were acquired in the positive mode and calibration was
performed using the multiply charged ions produced by a separate
injection of myoglobin dissolved in 1:1 water/acetonitrile with 1%
formic acid. Average molecular masses were calculated using
MassLynx v3.4 (Micromass).

Gas chromatography-MS

GC-MS analyses were carried out on a Fisons MD800 quadrupole
mass spectrometer coupled to a Fisons 8065 gas chromatograph
equipped with an on-column injector. A fused silica capillary col-
umn (30 m by 250 wm) coated with methylsilicone (HP-5MS; 0.1
pm film thickness) was used with helium as carrier gas. One
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microliter of sample was injected at 80°C and the oven tempera-
ture subsequently programmed to 300°C at 10°C/min. Mass spec-
tra (electron ionization) were recorded at 70 eV over a mass range
of 50 to 550 m/z with a cycle time of 1 scan/s.

Fast Atom Bombardment

FAB-MS analyses were performed on an AutoSpec mass spec-
trometer from Micromass using a mixture of m-nitrobenzylalcohol
and glycerol as matrices. High resolution (10,000) mass measure-
ment was achieved using PEG 2000 as internal reference.
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